The cytochrome bc 1 -cytochrome aa 3 complexes together comprise one of the major branches of the bacterial aerobic respiratory chain. In actinobacteria, the cytochrome bc 1 complex shows a number of unusual features in comparison to other cytochrome bc 1 complexes. In particular, the Rieske iron-sulfur protein component of this complex, QcrA, is a polytopic rather than a monotopic membrane protein. Bacterial Rieske proteins are usually integrated into the membrane in a folded conformation by the twin arginine protein transport (Tat) pathway. In this study, we show that the activity of the Streptomyces coelicolor M145 cytochrome bc 1 complex is dependent upon an active Tat pathway. However, the polytopic Rieske protein is still integrated into the membrane in a ⌬tatC mutant strain, indicating that a second protein translocation machinery also participates in its assembly. Difference spectroscopy indicated that the cytochrome c component of the complex was correctly assembled in the absence of the Tat machinery. We show that the intact cytochrome bc 1 complex can be isolated from S. coelicolor M145 membranes by affinity chromatography. Surprisingly, a stable cytochrome bc 1 complex containing the Rieske protein can be isolated from membranes even when the Tat system is inactive. These findings strongly suggest that the additional transmembrane segments of the S. coelicolor Rieske protein mediate hydrophobic interactions with one or both of the cytochrome subunits.
T he ability to respire oxygen is essential for the survival of almost all eukaryotes and many prokaryotes. Many members of the Gram-positive actinobacteria, including Mycobacterium tuberculosis and Streptomyces coelicolor, are obligate aerobes, requiring oxygen to support growth, although recent studies have indicated that these organisms have mechanisms to survive periods of anaerobiosis (1, 2, 3). The major route for aerobic quinol oxidation in actinobacteria is via the cytochrome bc 1 -cytochrome aa 3 complexes, with most members of the phylum also having the ability to produce a cytochrome bd oxidase (Fig. 1A ), which has a higher oxygen affinity but is less energy efficient, tending to be produced under oxygen-limiting growth conditions (1, 4, 5) .
The cytochrome bc 1 -cytochrome aa 3 branch of the aerobic respiratory chain that is found in actinobacteria shows unusual features when compared to the well-characterized complexes from Paracoccus denitrificans or bovine heart mitochondria (6, 7). These differences are primarily at the level of the cytochrome bc 1 complex. The cytochrome b component, encoded by qcrB, is predicted to have nine transmembrane domains (TMD) instead of the eight found in the mitochondrial homologue (8) , with a predicted small (approximately 100-amino-acid) globular domain at the trans side of the membrane (Fig. 1B) . The last four transmembrane domains of actinobacterial cytochrome b proteins share little homology with the mitochondrial counterpart. The cytochrome c component (QcrC) is a membrane-anchored diheme cytochrome c (9, 10) rather than being a soluble protein containing a single heme (8) . Unlike most other bacteria, there is no gene encoding a soluble cytochrome c in the genomes of S. coelicolor, M. tuberculosis, or Corynebacterium glutamicum (10) . Finally the Rieske iron-sulfur protein (QcrA) is much more hydrophobic than previously characterized, monotopic Rieske proteins (8, 11) and has three TMD preceding the globular iron-sulfur clustercontaining domain (12) (Fig. 1B) .
The biogenesis of respiratory complexes requires a high degree of coordination, since individual subunits need to be inserted into the membrane, bind redox cofactors, and associate with partner proteins in order to be active. In bacteria, most polytopic membrane proteins, such as QcrB, are inserted into the lipid bilayer by the general secretory (Sec) pathway. The Sec translocon is a heterotrimeric complex of SecYEG, which forms a narrow channel of sufficient diameter to accommodate unfolded polypeptide chains (reviewed in references 13 and 14) . Cytochrome c proteins are also substrates of the Sec pathway, and the c-type heme is covalently attached to the unfolded polypeptide as it extrudes through the Sec translocon at the trans side of the membrane (15, 16) .
In contrast, in bacteria and plants, the Rieske iron-sulfur protein is inserted into the membrane by the Tat machinery (17, 18, 19, 20, 21) . The Tat pathway transports folded substrate proteins (see references 22 and 23 for recent reviews), and the iron-sulfur cluster is inserted into the Rieske protein in the cytoplasm prior to transport. Tat substrates are synthesized with N-terminal signal peptides that contain a conserved S-R-R-X-F-L-K twin arginine motif (24, 25) . Although the twin arginine signal peptide is normally cleaved off during translocation, the Rieske proteins have uncleaved signal sequences that serve to anchor the protein in the lipid bilayer and to form contacts with the two partner proteins (11) . The highly hydrophobic Rieske proteins of actinobacteria present a biosynthetic difficulty, since the Tat pathway is strictly posttranslational. Experiments examining the biosynthetic requirements of the three TMD of the S. coelicolor Rieske protein (Sco2149) expressed as a fusion protein in the heterologous host Escherichia coli indicated that only the insertion of the third TMD was Tat dependent and that the first two TMD were inserted into the membrane by the Sec pathway, most likely in a cotranslational fashion (12) . It should be noted, however, that deliberate truncation, production as a fusion protein, or even small protein tags or single amino acid substitutions can interfere with the targeting route of a protein (e.g., see references 26, 27, 28, and 29). Therefore, in this study, we have examined the role of the Tat pathway in the assembly of the native S. coelicolor M145 Rieske protein. Our results are consistent with the conclusion that the protein requires the operation of at least two transport pathways for its correct assembly into the membrane. Surprisingly, the cytochrome bc 1 complex can be stably isolated from a tat mutant strain.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. For cloning and intergeneric conjugation, E. coli strains were grown in LB medium (30) or superoptimal broth (SOB) (31) . For growth of S. coelicolor strains in liquid culture, tryptone soya broth (32), yeast extract-malt extract (YEME) medium (32), or SOB (31) medium was used, as indicated in the figure legends. All S. coelicolor strains used in this study are derived from the M145 strain. M145 is a derivative of the wild-type strain S. coelicolor A3(2) that was used for genomic sequencing (33) . For growth of S. coelicolor on solid medium, soy flour mannitol (SFM) agar or Difco nutrient agar were used (32) . Spore stocks were prepared as described previously (32) . Antibiotics, where required, were used at the following concentrations: ampicillin (100 g/ml), kanamycin (50 g/ml), chloramphenicol (30 g/ml), apramycin (50 g/ml), hygromycin B (50 g/ml), and nalidixic acid (25 g/ml). Growth rate analysis of S. coelicolor strains was performed by determining total biomass as described previously (34) .
Strain and plasmid construction. For marked deletion of qcrCAB in S. coelicolor M145, the Redirect PCR targeting approach was used (35) . Briefly, the hygR-oriT cassette was amplified by PCR using pIJ10700 (Table 1) as the template, with the primer pair qcrCABFOR (5=-GCA TCGACGCAGAAGATCCTGACACCGGGGTAATCCGTGATTCCG GGGATCCGTCGACC-3=) and qcrCABREV (5=-GGGGCCCTTCGA CCGTGGTGTGGCGACGCTGGAGGGTCATGTAGGCTGGAGCTGC TTC-3=). The resultant product was gel purified and electroporated into E. coli strain BW25113 harboring pIJ790 and cosmid 11-D01 (which carries S. coelicolor M145 chromosomal DNA covering the qcrCAB operon; a kind gift from Paul Dyson, University of Swansea). After selection for the E. coli strain carrying the disrupted cosmid by growth on hygromycin B-containing medium, the cosmid was isolated, introduced into E. coli strain ET12567/pUZ8002, and transferred to S. coelicolor M145 by conjugation. Double-crossover mutants were selected by screening for hygromycin resistance and kanamycin sensitivity. Deletion of qcrCAB was confirmed by PCR analysis of chromosomal DNA using oligonucleotides 50-48seq For (5=-CGGCCGCACCTACGCGGCCCGGAGGTTCACCC ACG) and 50-48seq Rev (5=-CGGGGCCCTTCGACCGTGGTGTGGCG ACGCTGGAGGG-3=) that lie outside the deleted region and, additionally, by Western blot analysis using a QcrA polyclonal antibody (12) . The ⌬qcrCAB::hyg strain was subsequently designated APH2.
For ectopic expression of qcrCAB, we designed a synthetic construct. This construct carried the S. coelicolor M145 hrdB (sco5820) promoter region and ribosome binding site (from position Ϫ429 to Ϫ1) joined by an in-frame NdeI restriction site to the qcrCAB operon (from the start codon of qcrA to the stop codon of qcrC). The construct also introduced decahistidine tag-coding sequences at the 3= end of each gene, directly preceding the stop codons. In addition, the last 36 base pairs of the qcrC and qcrA genes were duplicated, in order to provide the native ribosome binding site for the subsequent gene (see Fig. S1 in the supplemental material). Pairs of silent restriction sites were included within the construct to allow the in-frame removal of the histidine tag-coding sequences, using BsiWI for qcrC, AgeI for qcrA, and NcoI for qcrB (see Fig. S1 ). We also silently removed nine restriction enzyme sites within the operon (numbered from position 1 of qcrC: C531G, C1601G, G1637A, G1987A, G2119C, T2365A, T2401A, G3013C, and A3145T). The whole construct was bounded by an XhoI followed directly by a BamHI restriction site at the 5= end and an XbaI followed by a SacI site at the 3= end. The synthetic construct was synthesized by Dundee Cell Products (Dundee, United Kingdom) and was provided in the form of a plasmid that was cloned between the XhoI and SacI sites of pBluescript.
We subsequently manipulated this construct by serially removing two of the three histidine tag-coding sequences to leave constructs coding for a synthetic operon with a decahistidine tag sequence at the 3= end of qcrA only, qcrB only, or qcrC only. Each of these three individual operons was removed from pBluescript as a BamHI-XbaI fragment and cloned into similarly digested pSET152 to give plasmids pAPH1, pAPH2, and pAPH3 (Table 1) . To introduce a twin arginine-to-twin lysine codon substitution of codons 161 and 162 of qcrA in the pBluescript clone encoding P hrdBqcrCAB His10 , whole-plasmid PCR was carried out using the partially overlapping primers RRtoKKfor (5=-CGGGAAGAAGAAGCTGATCCGCAA CACGATGC-3=) and RRtoKKrev (5=-GCTTCTTCTTCCCGATCACGG ACTCCTTGGC-3=) according to the method in reference 36. The construct was fully sequenced to ensure that only the desired mutations had been introduced, and then the qcrCAB-containing fragment was released as a BamHI-XbaI fragment and cloned into similarly digested pSET152 to give plasmid pAPH3KK. Each of these pSET152-based constructs was introduced into an S. coelicolor M145 strain of interest by intergeneric conjugation (using E. coli strain ET12567/pUZ8002 as the donor strain), where it integrated into the C31 attachment site. Preparation of membrane fractions. Baffled 2-liter flasks filled with 500 ml of growth medium were inoculated with spores of the S. coelicolor M145 strain of interest and grown at 30°C and 130 rpm for 65 to 90 h. All subsequent steps were performed at 4°C. Hyphal pellets were harvested by centrifugation at 2,770 ϫ g for 30 min and resuspended to a final volume of approximately 30 ml in TEE buffer (50 mM Tris-HCl, pH 8, 1 mM EDTA, 1 mM EGTA, and a protease inhibitor cocktail [Complete protease inhibitor; Roche]). The hyphae were lysed by sonication (Digital Sonifier 250 with microtip 102C; Branson) for 10 min (5 s on/off) at 20% power. Unbroken hyphae and cell debris were removed by a centrifugation step (6,000 ϫ g for 30 min), and the supernatant was subjected to a high-speed spin (150,000 ϫ g for 60 min) to pellet the membranes. The pelleted membranes were washed in TEE containing 250 mM NaCl to remove peripherally bound proteins and then again in TEE only to remove the salt. Finally, the membranes were resuspended in 50 mM Tris, pH 6.8, 10% glycerol, snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
Absorbance spectroscopy and cytochrome c oxidase activity assay. Membrane fractions were solubilized in 50 mM Tris, pH 7.0, 10% glycerol, 250 mM NaCl, 1% dodecyl maltoside (DDM) for 30 min at 4°C with stirring. The samples were diluted with 50 mM Tris, pH 7.5, 10% glycerol, 250 mM NaCl until the DDM concentration was reduced to 0.1%, and then the samples were centrifuged twice at 16,000 ϫ g for 2 min, retaining the supernatant each time. The protein concentration was determined by Bio-Rad DC (detergent compatible) assay, and samples were adjusted to 1.0 to 3.0 mg/ml solubilized protein using the same buffer.
For absorbance spectroscopy, dithionite-reduced and air-oxidized absorbance spectra were recorded between the wavelengths of 380 and 650 nm using a lambda UV/Vis spectrophotometer (PerkinElmer). The cytochrome c oxidase activity of the cytochrome bc 1 complex in solubilized membranes was measured spectrophotometrically at 550 nm using equine horse cytochrome c (Sigma). First, the menadiol substrate was prepared as a 10-fold stock solution. To do this, 50 mM Tris-HCl, pH 6.8, was supplemented with 0.05% DDM, 1 mM EDTA, 6 mM NADH, 3 mM menadione, and 6 mg/ml diaphorase in strict order, and this was incubated at 37°C for 20 min. Once prepared, the substrate stock solution was kept on ice and used within 1 h. Solubilized membrane fractions were supplemented with 2 M equine cytochrome c and 4 M ferricyanide, and to 90 l of this mixture in a cuvette, 10 l of the menadiol solution was added. The change in absorbance at 550 nm was monitored for 5 min, and the initial slope was used to calculate the activity of the sample using a molar extinction coefficient for horse heart cytochrome c at 550 nm of 29,500 M Ϫ1 cm Ϫ1 (37) . Nickel affinity purification of His-tagged cytochromes. Membrane fractions of S. coelicolor M145 strains were solubilized in 50 mM Tris-HCl, pH 6.8, 250 mM NaCl, 20% glycerol, 1% DDM for 1 h at 4°C with gentle mixing. After the DDM concentration was diluted to 0.1% with 50 mM Tris-HCl, pH 7.5, 10% glycerol, 250 mM NaCl, 10 mM imidazole, the sample was clarified by centrifugation at 40,000 ϫ g for 30 min at 4°C. For small-scale batch copurification experiments, the supernatant was supplemented with 10 mM imidazole. Three hundred microliters of Ni 2ϩ -nitrilotriacetic acid (NTA) resin (Qiagen) was washed with the same buffer containing 10 mM imidazole and was incubated with the solubilized membrane for 1 h at 4°C with gentle mixing. Working at 4°C, the resin was sedimented in a disposable column and washed with 15 column volumes of 50 mM Tris-HCl, pH 7.5, 20% glycerol, 250 mM NaCl, 0.1% DDM, 20 mM imidazole. Bound protein was eluted with 50 mM TrisHCl, pH 7.5, 20% glycerol, 250 mM NaCl, 0.1% DDM, 500 mM imidazole. The unbound, wash, and elution fractions were subsequently analyzed by SDS-PAGE and Western blotting.
For larger-scale purification experiments, the solubilized, clarified membrane sample was loaded onto a 5-ml Ni 2ϩ -charged HisTrap HP column (Qiagen) at a rate of 1 ml/min. Loosely bound proteins were washed through the column with 50 mM Tris-HCl, pH 7.5, 10% glycerol, 250 mM NaCl, 0.1% DDM, 20 mM imidazole. Bound protein was eluted with a gradient of 20 mM to 1 M imidazole in the same buffer over 1 h. Eluted fractions were concentrated and analyzed by SDS-PAGE, Western blotting, and silver staining.
ESI-TOF MS. Peptide mass fingerprinting of the protein bands of interest was performed by the FingerPrints Proteomic Service (University of Dundee) as described previously (38) . The bands were excised from Coomassie-stained acrylamide gels with a scalpel, subjected to in-gel tryptic digestion, extracted, and analyzed by electrospray ionization-time of flight mass spectrometry (ESI-TOF MS) using an Applied BioSystems DE-STR. The mass lists generated were compared to those of S. coelicolor A3(2) predicted peptides from the NCBI nr database using Mascot Daemon. The searches considered oxidation and dioxydation of methionine, pyroglutamic acid formation at the N-terminal glutamine, acetylation of the N-terminal residues, and modification of cysteine by carbamidomethylation, as well as partial cleavage, leaving a maximum of two internal sites uncleaved.
Other protein methods. SDS-PAGE and immunoblotting were carried out according to the methods of Laemmli (39) and Towbin et al. (40) , respectively. Silver staining of SDS-PAGE gels was performed using the PlusOne protein silver staining kit (GE Healthcare). Polyclonal antisera to QcrA (Sco2149) have been described previously (12) . Mouse anti-His 5 antibody was obtained from Qiagen. Immunodetection was performed by using the Chemiluminescent substrate (Millipore) with a peroxidase-conjugated anti-rabbit (for QcrA) or anti-mouse (for His 5 ) IgG (Bio-Rad).
RESULTS
An active Tat transport system is required for cytochrome bc 1 complex activity. We first examined the requirement of the Tat pathway for the biogenesis and function of the cytochrome bc 1 complex. It has been reported previously that tat mutant strains of S. coelicolor M145, Streptomyces lividans, and Streptomyces scabies grow more slowly than wild-type strains (41, 42, 43) , which might be consistent with a defect in aerobic respiration. To assess this in more detail, we constructed a strain (strain APH2) with a marked deletion of the qcrCAB genes in S. coelicolor M145 and compared the behavior of this strain with those of a previously described tatC deletion strain (43) and the parental strain.
Initially, we examined growth on two different types of solid media, SFM and YEME agars. Previously, it has been reported that tat mutant strains of S. coelicolor M145 and S. lividans grow more slowly on SFM medium and that they struggle to grow on medium containing high sucrose, where they also fail to sporulate (42, 43) . This was confirmed by the experiment whose results are shown in Fig. 2A : the ⌬tatC strain produced gray colonies (due to the presence of gray-pigmented spores) which were noticeably smaller than those of the wild-type strain. On YEME plates, which contain 34% sucrose, colonies of the ⌬tatC strain had a colorless "bald" appearance arising from failure to undergo the full developmental cycle. In contrast, the qcrCAB deletion strain appeared to grow almost as well as the wild type on both types of growth media, although it did appear to overproduce the dark-blue-pigmented antibiotic actinorhodin, for unknown reasons. It can be concluded that the slow growth and developmental defects displayed by the ⌬tatC strain on solid growth medium do not arise from a defect in biogenesis of the cytochrome bc 1 complex.
We next assessed the growth of the same strains in liquid culture. It has been noted previously that in liquid medium, tat mutant strains of Streptomyces grow slowly and in a very dispersed manner, whereas the corresponding wild-type strains grow as hyphal pellets (42, 43) . As shown by the results in Fig. 2B , the growth rate of the ⌬tatC mutant strain was clearly significantly lower than that of the wild type. In contrast, we noted that the qcrCAB deletion strain, APH2, retained the pellet-like growth of the wild-type strain, indicating that the dispersed growth of the tat strain does not result from a defect in the cytochrome bc 1 complex. However, the ⌬qcrCAB strain did show a small but significant delay in entering exponential-growth phase, although this was not nearly as marked as for the ⌬tatC mutant. We ascribe this small growth delay to a defect in aerobic respiration.
Analysis of reduced minus oxidized difference spectra of membranes is a sensitive way to identify the presence of individual cytochromes (44) . Difference spectra of solubilized membranes of the S. coelicolor wild-type strain, M145, showed specific absorbance peaks corresponding to the presence of b-type heme at 560 nm, with a clear shoulder for c-type heme at 550 nm (Fig. 2C) . A small peak for a-type heme was also visible at 600 nm (see an enlargement of this section of the spectrum in Fig. 2D, top) . Membranes of the ⌬qcrCAB strain, APH2, showed a broad peak of b-heme at 558 to 560 nm, potentially arising from the b-type hemes of cytochrome bd oxidase and/or succinate dehydrogenase. As expected, no shoulder of c-type heme was detected, consistent with the deletion of qcrC that encodes the only c-type cytochrome in the S. coelicolor M145 genome. There was also no obvious atype heme detectable at 600 nm (Fig. 2D, middle) , suggesting that the expression or stability of cytochrome aa 3 oxidase was affected by loss of the bc 1 complex.
To maximize the detection of cytochromes in the poorly growing ⌬tatC mutant strain TP4, we provided the strain with an additional copy of the qcrCAB genes under the control of the constitutive housekeeping sigma factor HrdB (2) at an ectopic location (strain APH8) ( Table 1) . The difference spectra of membranes isolated from this strain were very similar to those for the wildtype strain (Fig. 2C) . Absorbance peaks corresponding to the btype heme at 560 nm and a c-heme shoulder at 550 nm were readily apparent (Fig. 2C ). Additionally, a small peak for a-type heme was visible at 600 nm (Fig. 2D ). These observations are consistent with the conclusion that the cytochrome components of the bc 1 complex are properly assembled in the ⌬tatC mutant strain and that the cytochrome aa 3 oxidase is also present.
To confirm the lack of cytochrome bc 1 activity in the ⌬qcrCAB and ⌬tatC strains, we developed an assay to measure the activity of the complex in dispersed membranes. Since the cytochrome bc 1 -cytochrome aa 3 complexes are obligately coupled and have been reported to form a supercomplex in some actinobacteria (9, 45), we found it necessary to include both formate and azide to inhibit electron flow to cytochrome aa 3 (46) . The results in Table 2 show that membranes of wild-type S. coelicolor M145 were able to cat-alyze the menadiol-dependent reduction of equine cytochrome c and that this activity was abolished by deletion of the qcrCAB genes and, also, by loss of tatC function. We therefore conclude that the Tat transport system is essential for the assembly and activity of the cytochrome bc 1 complex.
The Rieske protein is membrane bound in the tat mutant strain. It has been demonstrated previously using a reporter fusion replacement of the Rieske iron-sulfur domain in the heterologous host E. coli that the translocation of the third TMD of the S. coelicolor Rieske protein is strictly dependent upon the Tat pathway (12) . Attempts to use protease accessibility studies to map the topology of QcrA in S. coelicolor were confounded by the presence of endogenous proteases. However, if we lysed hyphae in the presence of a protease inhibitor cocktail, we were able to stabilize the protein sufficiently to confirm that it was present in the membranes of both the wild-type and the ⌬tatC strain (Fig. 3A) . It was also found in the membrane fraction when both of the conserved arginine residues of the twin arginine motif (Arg 161 and Arg 162 ) were replaced with lysine (Fig. 3B) , a mutation that has previously been shown to block Tat-dependent recognition of substrate proteins (e.g., see references 12 and 25). Membrane-bound QcrA was resistant to extraction with carbonate or urea from each of these strains, consistent with Tat-independent integration of TMD1 and TMD2 into the bilayer (12) .
Taken together, the results described above indicate that the cytochrome components of the bc 1 complex are correctly localized and assembled in the absence of a functional Tat system (since c-heme insertion occurs at the extracytoplasmic side of the mem- brane in bacteria) (16, 47) . However, the lack of menadiol-dependent reduction of exogenous cytochrome c in the ⌬tatC strain is consistent with an inability to translocate the Rieske iron-sulfur domain of QcrA across the membrane. The cytochrome bc 1 complex is still formed in the tat mutant strain. In order to further investigate the assembly and stability of the cytochrome bc 1 complex in the presence and absence of the Tat pathway, we constructed a number of strains that carry an ectopic copy of the qcrCAB genes under the expression of the constitutive hrdB promoter (48) . These strains (Table 1 ) also encoded a decahistidine tag at the C terminus of either QcrC or QcrB. As shown by the results in Table 2 , the His-tagged variants of QcrC or QcrB still supported cytochrome bc 1 complex activity (which was completely abolished if the strains were also rendered ⌬tatC). However, it should be noted that, in general, the overall cytochrome bc 1 activity resulting from strains ectopically expressing qcrCAB was, for unknown reasons, significantly lower than that seen when the genes were expressed from their native chromosomal location.
We next investigated whether the Rieske protein, QcrA, could be copurified with the tagged QcrB in a small-scale Ni affinity pulldown experiment. To this end, membrane fractions of strain APH5 (qcrCAB His10 ) and the wild-type strain, M145, were solubilized with the detergent DDM, and the sample incubated with Ni-charged NTA resin. As shown by the results in Fig. 4 , in the wild-type strain, there was some association between the QcrA protein and the Ni-charged resin, probably because the protein is relatively rich in His residues. This association was rather weak, since the protein could be completely washed off the resin in the presence of 50 mM imidazole. However, in the presence of Histagged cytochrome b, the Rieske protein was bound much more tightly to the resin and did not wash off in the presence of 50 mM imidazole. Instead, QcrA was seen to coelute with the His-tagged variant of cytochrome b in the presence of 250 mM imidazole (Fig.  4) , consistent with these two proteins forming a complex.
We subsequently scaled up these experiments and investigated whether we could isolate all three of the cytochrome bc 1 complex components using the affinity tag on QcrB. Solubilized membrane material was applied to a Ni-charged NTA column, and bound proteins were eluted with a gradient of imidazole. The results in Fig. 5A show that several peaks eluted from the column as the concentration of imidazole was increased. Analysis of the three main peaks by Western blotting showed that the His-tagged cytochrome b was primarily in the second peak (Fig. 5C ), which eluted from the column at an imidazole concentration of approximately 250 mM. Immunoblotting the same three protein fractions with anti-QcrA antiserum indicated that the Rieske protein was also present in the major cytochrome b-containing fraction, although it was also detected in the other peaks that were examined (Fig.  5B) . The fractions covering peak 2 were pooled, concentrated 50-fold, and analyzed by SDS-PAGE. As shown by the results in Fig.  5D , three major protein bands were detected in this fraction following silver staining, which were confirmed by tryptic mass fingerprinting to be QcrB, -A, and -C, with some minor degradation of cytochrome c. It should be noted that, despite previous observations that cytochrome bc 1 -cytochrome aa 3 form a supercomplex in some actinobacteria (9, 45), we found no evidence that the cytochrome aa 3 complex copurified with the cytochrome bc 1 complex under these conditions. Finally, we examined the organization of the cytochrome bc 1 complex from solubilized membranes of the ⌬tatC mutant. We found that His-tagged cytochrome b from the ⌬tatC strain behaved similarly to that from the tat ϩ strain, with the protein eluting predominantly in peak 2 ( Fig. 5E and G) , again corresponding to an imidazole concentration of approximately 250 mM. Interestingly, the Rieske protein, despite being incorrectly assembled in the ⌬tatC background, also behaved similarly, with significant levels of protein present in the cytochrome b-containing fraction (Fig. 5F ). The pooled and concentrated fractions from peak 2 were analyzed again by SDS-PAGE and silver staining (Fig. 5H) . Four predominant protein bands were detected which, again, were confirmed by tryptic mass fingerprinting to be QcrB, QcrA, and two bands corresponding to cytochrome c (see Fig. S2 in the supple- mental material). Our data therefore indicate that the cytochrome bc 1 complex is also stably assembled in the absence of the Tat pathway.
DISCUSSION
Prior work has shown that the polytopic Rieske protein component of the S. coelicolor cytochrome bc 1 complex follows an unusual pathway for membrane integration, where the first two TMD are inserted into the membrane by the action of Sec and YidC, while integration of TMD3 and translocation of the globular domain is dependent on the Tat pathway (12) . However, these previous findings were for a chimeric protein comprising a reporter protein fused to the three Rieske TMDs and were undertaken in a heterologous host, E. coli. In this study, we have examined the assembly of the Rieske protein in the native organism, and the results we obtained here are consistent with these previous conclusions (12) .
Our results clearly show that the cytochrome bc 1 complex is inactive when the S. coelicolor M145 Tat system is absent but that at least the cytochrome c component of this complex is correctly assembled and with its heme cofactor inserted. Previous proteomic analysis has shown that the Rieske protein is a Tat substrate in S. coelicolor M145 (43), as it is in all other bacteria that have been examined (e.g., see references 17, 18, and 19) . Therefore, the inactivity of the cytochrome bc 1 complex in the absence of a functional Tat pathway is most likely due to the incorrect localization of the Rieske protein, QcrA.
Closer analysis of the Rieske protein in the ⌬tatC strain shows that the protein is tightly integrated into the membrane. This is consistent with the insertion of the first two TMD of the protein in a Tat-independent manner, as had been observed previously when the hydrophobic portion of the protein was produced in E. coli (12) . A lack of appropriate experimental tools means that it is not possible to confirm that these two TMD follow the same route of membrane integration in S. coelicolor as they do in E. coli, but it should be noted that both Sec and YidC components are conserved in Streptomyces (49) , and it is highly likely that the mechanisms of assembly of TMD1 and -2 are the same. Taken together, we conclude that the Rieske protein is a dually targeted membrane protein in S. coelicolor.
The Rieske proteins of all actinobacteria analyzed to date are highly unusual because they are polytopic instead of monotopic proteins, as in other organisms. Indeed, the Rieske protein of the actinomycete Kitasatospora setae KM-6054 is predicted to have five TMD prior to the iron-sulfur containing domain (and with a consensus twin arginine motif preceding TMD5 [G. Chandra and T. Palmer, unpublished data]). What is the role of these extra TMD? Currently, it is not clear, although it is interesting to note that these highly hydrophobic Rieske proteins co-occur with membrane-bound cytochrome c and with cytochrome b proteins
FIG 5
The cytochrome bc 1 complex is stably assembled in both a Tat ϩ and ⌬tatC mutant strain. Solubilized membranes from 2 g of cells of strain APH5 (⌬qcrCAB P hrdB -qcrCAB His10 ) (A) or strain APH8 (⌬tatC ⌬qcrCAB::hyg C31 [P hrdB -qcrCAB His10 ]) (E) were loaded onto a 5-ml Ni 2ϩ -charged NTA column and washed, and bound protein was eluted with a gradient of 30 to 500 mM imidazole (indicated by the sloping line). Fractions indicated by the arrows were analyzed by Western blotting. mAU, milli-absorbance unit. (B and C) Ten-microliter samples (from a total of 1 ml) of fractions 1 to 3 from the experiment whose results are shown in panel A. (F and G) Ten-microliter samples (from a total of 1 ml) of fractions 1 to 3 from the experiment whose results are shown in panel E. The samples were separated by SDS-PAGE (14% acrylamide), electroblotted, and incubated with anti-QcrA (B and F) or anti-His tag antibodies (C and G). The asterisk in panels B and F indicates a cross-reacting band that is recognized by the anti-QcrA antiserum, which may be His-tagged QcrB since the polyclonal QcrA antiserum was raised against a His-tagged QcrA (12) . (D and H) The fractions numbered 2 in panels A and E, respectively, were concentrated from 8 ml to 150 l, and 20 l of each sample was analyzed by SDS-PAGE and silver staining. The identity of the indicated protein bands was confirmed by tryptic mass fingerprinting.
that also have an additional hydrophobic domain. Our results support the idea that additional Rieske TMD are involved in hydrophobic interactions with the other cytochrome bc 1 components. Thus, we showed that the Rieske protein forms a stable complex with the other two cytochrome bc 1 components in the ⌬tatC strain. In this scenario, we anticipate that TMD1 and -2 are integrated into the membrane but that TMD3 and the iron-sulfur cluster-binding domain are localized at the cytoplasmic side of the membrane (Fig. 6 ). It is not clear whether the iron-sulfur cluster is inserted into the Rieske protein at this stage, since we were unable to obtain enough material from the ⌬tatC strain to look for its presence by electron paramagnetic resonance (EPR). However, it should be noted that Bachmann et al. (18) showed that the cytosolic fraction of a Paracoccus denitrificans strain in which the twin arginine motif of the Rieske protein had been inactivated by substituting twin lysines gave an EPR signature of the Rieske iron-sulfur cluster, consistent with cofactor insertion in the cytoplasm prior to interaction with the Tat machinery. It is difficult to envisage how the complex we isolated from the membranes of the S. coelicolor ⌬tatC strain would be stable to detergent solubilization and purification if the first two TMD of the Rieske protein were not interacting with one or both of the cytochromes. We attempted to acquire further data in support of this hypothesis by constructing truncations of QcrA producing just TMD3 and the globular domain. However, our truncates did not produce stable protein (data not shown)-it is not clear whether this resulted from poor translation of the protein or whether they lacked stability (for any of a number of reasons, including an inability to be recognized by the Tat pathway or to be stabilized through interaction with partner proteins).
The results presented here have shown that the Tat system is integral to the activity of one branch of the aerobic respiratory pathway in S. coelicolor. It is interesting to note that, not only is this same branch of the pathway essential in the human actinobacterial pathogen M. tuberculosis, but the Tat pathway is also essential in this organism (50, 51) , presumably because of its role in the assembly of the Rieske protein. A more-detailed understanding of cytochrome bc 1 assembly in actinobacteria may eventually pave the way for novel strategies to limit the growth of pathogenic actinomycetes.
